Litter decomposition plays a key role in ecosystem nutrients cycling, yet, to date 21 science is lacking a comprehensive understanding of the non-additive effect in 22 mixing litter decomposition. 23
Introduction 39
Litter decomposition is a central component of biogeochemical cycles in ecosystems. 40
The rate of decomposition controls nutrients returns and energy flow, which regulates 41 atmospheric carbon emissions, soil organic matter composition, and supply of based 42 mineral nutrients to flora (Schneider et al. 2012 ). Thus, litter decomposition 43 influences ecosystem primary productivity (Bradford et al., 2016) . Over past few 44 decades, many studies about litter decomposition have focused on single litter decay 45 (Gartner & Cardon, 2004) , which resulted in a profound exploration of the connection 46 between decomposition rate and its impact factors. However, in many ecosystems, 47 4 litter is generally a mix of multiple species. Previous studies suggest that those 48 various litter species interact with each other during their decomposition (Ball et al. 49 2008; Gessner et al., 2010) , implying that the decomposition rate of litter mixture is 50 different from that of single litter. To deeply discern how the litter mixture impacting 51 the decomposition is essential to understand the carbon and nutrients cycles. 52
When different litter species mix together, their decomposition rates generally do 53 not equal to the arithmetic mean value, i.e., the expected decay rate, between single 54 litter species ( all performed in different ecosystems across different climate regions with 74 decomposition durations varying from several weeks to even as long as several years. 75 5 Moreover, the various mesh sizes used in litterbag and microcosm, two methods that 76 the most commonly employed in litter decomposition, often make the results hard to 77 compare. As such, for the past several years, the scientific community has been 78 requesting a meta-analysis in order to determine a general global pattern (Gartner & 79 Cardon, 2004; Gessner et al. 2010) . 80
While studies throughout the literature have summarized and analyzed the 81 non-additive effect in mixed litter decomposition (Gartner & Cardon, 2004; Li et al., 82 2016) , there still remains a lot of unanswered questions. In order to better understand 83 how the mixing influences the decomposition rate of litter, we employed a 84 meta-analysis that built upon the system analysis done by Gartner and Cardon (2004) . 85
Finally, 70 individual studies were compiled to perform a global analysis (Note S1). If 86 the litter mixing effects occur, we also aimed to explore seven detailed questions 87 
Materials and Methods 101

Data compilation 102
Publications that reported data on litter mixture decomposition were selected from 103 6 the Web of Science resource, Google Scholar, and the China National Knowledge 104
Infrastructure. Keyword search strings consisted of term combinations, such as (litter 105 or debris or residue) AND (mix* or diversity or non-additive effect or additive effect) 106 AND (decompos* or decay* or degrad*). The PRISMA (Preferred Reporting Items 107
for Systematic Reviews and Meta-Analyses) flow diagram performed the procedure 108 used for the selection of studies for meta-analysis ( Fig S2) . 109
Each selected publication had to satisfy the following three criteria: 1) it had to 110 report at least one of our selected variables [expected decay rate (Rexp) vs. observed 111 decay rate (Robs), or species-specific decay rate in mixture Rmix vs. in unmixed 112 (Rsin)], and the decay rate should been expressed as mass loss or mass remaining (%); 113 2) it had to provide the means and sample sizes (n) of the variables selected for the 114 meta-analysis or could be calculated from the chosen papers; 3) the measurements of 115 selected variables were performed at the same temporal and spatial scale; and 4) 116 except litter mixture treatment, the study of other experimental treatments (such as 117 nutrient addition, warming, water controlling) was excluded. If the data were 118 presented in figures, Getdata Graph Digitizer (version 2.24) was used to extract the 119 numerical values. In addition, we sent Emails to corresponding authors to query the 120 original data of k values (yr -1 ) or relative mixture effect [(observed mass loss-121 expected mass loss)/ expected mass loss*100], when the selected variables used to 122 estimate the non-additive effect were not provided in the papers. 123
We separated the dataset into two parts to perform two sub-meta-analyses ( Fig. 1) . 124
The first sub-meta-analysis was to compare the decay rates of mixing litter between 125 expected decay rates (Rexp) and observed decay rates (Robs). The second 126 sub-meta-analysis was to compare the species-specific decay rates between single 127 (Rsin) and mixture (Rmix) decomposition. As a note, the questions 1 to 5 were all 128 answered by two sub-meta-analysis, the questions 6 and 7 were only answered by the 129 second sub-meta-analysis. In total, 820 pair-observations in sub-meta-analysis 1 were 130 obtained from 52 selected papers and 276 pair-observations in sub-meta-analysis 2 131
represent the Robs and Rexp, respectively; or the Rmix and Rsin, 143 respectively. 144
The variance of lnR (v) was calculated using the following formula: 145
where S t and S c are the standard deviations (SDs) for the Robs and Rexp, 147 respectively, or for the Rmix and Rsin, respectively; n t and n c are the sample sizes for 148 the Robs and Rexp, respectively, or for the Rmix and Rsin, respectively. If both the 149 SD and standard error (SE) were lacking, we estimated the missing SD by multiplying 150 the average coefficient of variation (CV) from each data set by the reported mean 151 value (Wiebe et al., 2006) . 152 A nonparametric weighting function was used to weight each individual study; and 153 the mean effect size (lnܴ) of all observations was estimated according to the Eq. 3: 154
where w is the weighting factor used to calculate the inverse of the pooled variance 156
(1/v); and The effect was only considered significant if the 95% CI values did not overlap with 0. 161 Furthermore, to clearly express the non-additive effects, the mean effect size was 162 converted back to the percent change, using the following equation: 163
In order to better understand the formation mechanisms of the non-additive effects, 165
we grouped the data according to climate zones (tropical, temperate, frigid), 166 ecosystem types (forest, shrubland, grassland, aquatic, peatland), mesh sizes [small 167 (diameter < 1 mm), medium (1mm≤diameter < 5) and large (diameter≥5mm)], and 168 decay periods (< 180 days, 180-360 days, 360-720 days, and >720 days) (Knorr et al. The mean effect size calculated across all the studies was significantly positive both 179 in Rexp vs. Robs and Rsin vs. Rmix, with an average increase of +2% and +4%, 180 respectively ( Fig. 2a ). When considering different climate zones, mixing litter 181 decomposition caused a significantly positive response in temperate areas and a 182 significant negative response in frigid areas in both of sub-meta-analyses ( Fig. 2b) . 183
Unlike temperate and frigid areas, in tropical area the Rexp was significantly higher 184 than Robs, and Rsin and Rmix differed little. The continuous randomized-effect 185 model suggested that MAT had a significant positive correlation with the mean effect 186 size in two sub-meta-analysises (Table 1) . With respect to ecosystem types, the 187 mean effect sizes of litter mixing on decomposition rate showed a significant positive 188 response in Rexp vs. Robs for all five ecosystems except shrubland. (Fig. 2c) . 189
The size level of the mesh in experimental methods resulted in different effects on 190 the decomposition rate ( Fig. 3 ). When mesh size was divided into three 191 groups-small, middle, and large-and a marked antagonistic effect was found in 192 studies of small mesh size as expressed by Rexp vs. Robs. In contrast, the 193 decomposition rate in the studies of middle and large mesh sizes showed an obvious 194 synergistic response ( Fig. 3a ). For Rsin vs. Rmix, the small and large mesh sizes 195 depicted an additive effect, whereas, the middle mesh size showed a +6% increase in 196 decomposition rate ( Fig. 3a ). When the decay period was partitioned into four levels, 197 results showed that the decomposition rate increased under short-term duration (<180 198 days) and medium-term (180-360 days and 360-720 days), instead, a significant 199 antagonistic effect was observed under long-term duration (>720 days; -4%) in Rexp 200 vs. Robs (Fig. 3b) . 201
In sub-meta-analysis 1 (Rexp vs. Robs), both of even litter mixtures and uneven 202 litter mixtures showed synergistic effects on decomposition rate (Fig. 3c ). In 203 sub-meta-analysis 2 (Rsin vs. Rmix), the litter quality was divided into three levels 204 based on lignin content: low, medium, and high-and the results showed that the 205 10 decomposition rate of low-quality litter exhibits a greater positive change than the 206 middle and the high litter ( Fig. 3d ). When tree species were grouped into broad/needle 207 or evergreen/deciduous, results consistently showed synergistic effects. Besides, the 208 continuous randomized-effect model of meta-analyses showed a significant positive 209 correlation between litter initial P and the effect size of the sub-meta-analysis 2 (Rsin 210 vs. Rmix), yet, the remaining initial nutrients of litter did not show any correlation 211 (Table 1) . 212 
219
Discussion 220
This study is primarily dedicated to calculate the general effects of litter mixture on its 221 decay rates. Our results showed that the litter mixture widely demonstrates a 222 non-additive effect, and most frequently synergistic effect, which is consistent with 223 two previous review studies (Gartner & Cardon 2004; Li et al., 2016) . Specifically, 224 the decay rates of litter mixture are on average 2%-4% faster when compared to that 225 of single litter species (Fig. 2a ). This significant synergy is weak but logical. When 226 different litter species mixing, many processes (including the stimulating and 227 restraining) occur simultaneously with one counterbalancing the others more or less. 228
Based on our meta-analysis results, we further raised a conceptual model for the 229 non-additive effect of mixed litter samples of two species (Fig. 4 ). It should be noted 230 that the model reflects a general pattern, which may not be appropriated in all cases. 231
The variations of litter decomposers (including microorganisms and soil fauna) 232 play an important role in non-additive effect. Although our meta-analysis lacked 233 sufficient data to discuss the decomposer variations, the finding (mean effect size = 234 0.1604; 95% CI: 0.1432~0.1776, Table S2 ) suggested that microbial biomass is 235 significantly higher in litter mixture compared to single litter. In the decomposition of 236 litter mixture, on one hand, high-quality litter brings more available carbon to support 237 When the data were divided into different climatic zones, an antagonistic effect of 242 12 litter mixture was observed in frigid areas in the two sub-meta-analysis ( Fig.2b and 4b,  243 answer to Q1). Furthermore, a significant positive correlation between MAT and its 244 effect size on decomposition rate also supported this hypothesis (Table 1) were classified into different ecosystems, only the shrubland showed an antagonistic 254 effect (Fig.2c , answer to Q2), which would be because that most of the shrubland data 255 were acquired from frigid areas. 256
Soil fauna is an important group of decomposers but difficult to directly control in 257 the studies of litter decomposition. The size of mesh diameter is usually introduced to 258 distinguish different kinds of soil fauna. While a fine mesh (<1mm) is applied to 259 exclude most of the soil fauna, the antagonistic effect plays a leading role ( Fig. 3a and  260 4b, answer to Q3). Interestingly, the antagonistic effect will turn into a synergistic 261 effect when middle (1-5 mm) or large mesh (>5 mm) is used. This emerging 262 conclusion was also drawn in a recent litter mixing study (Barbe et al. 2018) . 263
High-quality litter with rich nutrients and energy would be palatable to soil fauna 264 (Zhang et al. 2016), which may accelerate the decay rate of litter mixture. A global 265 synthesis studies also suggested that the decay rate of litter fall by a third if the soil 266 fauna excluded (Zhang et al. 2015) . Therefore, the existence of high-quality litter in 267 mixing litter decomposition can promote litter decay rate. In addition, the soil fauna 268 may make the litter more accessible to bacteria and fungi, which could stimulate the 269 microbial growth and therefore decomposition further (Smith & Bradford 2003 ). An 270 13 inexplicable phenomenon for the present is that a non-significant antagonistic effect 271 occurred when large mesh was used in sub-meta-analysis 2, which could be brought 272 by the error of insufficient data (35 observations). In order to determine whether these 273 results develop consistently, more extensive studies are required. 274
It is worth noting that the synergistic effect gradually weakens as a function of 275 decomposition time and turns into an antagonistic effect after 720 days of decay ( Fig.  276   3b and 4a, answer to Q4). In the early stage of decomposition, the input of fresh litter 277 provides abundant food for the soil fauna and microorganisms. In addition, studies 278 suggest that nutrients transport frequently occurs in the early stage of decomposition 279 indicates that the synergistic effect of uneven litter mixtures is higher than that of 294 even mixtures (Fig. 3c , answer to Q5). We speculated that natural field values of 295 uniformity reflected in uneven mixtures more favorable for the microorganisms' 296 growth than in even mixtures (Swan et al. 2009 ). This opinion requires further 297 investigations to be confirmed. Our results also show a negative but insignificant 298 14 relationship between litter richness and its effect size on litter decomposition in 299 sub-meta-analysis 1 (Table 1, With respect to the three classifications of litter species in sub-meta-analysis 2, a 308 noteworthy phenomenon is that a significant synergistic effect was observed in 309 low-quality litter species, while no significant change detected in medium and 310 high-quality litter species (Fig 3d and 4a, High initial N and P content of litter indicate high decomposability. The strong 319 negative relationship between the mean effect size and litter initial N (P > 0.05) and P 320 (P < 0.05) also support above result (Table 1) . But we need more data to further clear 321 and definite this relation. 322
As the trees and shrubs were classified into four groups: broad, needle, evergreen, 323 and deciduous, the results showed that the mean effect size of needle and evergreen 324 groups were higher than those of broad and deciduous groups (Fig 3e, f, answer to 325 Q7). In general, the needle species contain more lignin than broadleaf species, and 326 15 they will act as a beneficiary of synergistic effect in litter mixing. Mean lignin content 327 of evergreen leaves was 26% in this sub-meta-analysis database, which is higher than 328 that of deciduous leaves (23% , Table S1 ).Moreover, the deciduous leaves contain 329 more N and P than evergreen leaves based on the large scale research (Han et al. 330 2005) , meaning the decomposability of deciduous leaves is greater than that of the 331 evergreen leaf (Cornwell et al., 2008; Liu et al., 2016) . The data indicates that the 332 decomposition of low-quality litter species is more sensitive to the treatment of litter 333 mixing, which is in agreement with Q6. 334
Conclusions 335
In summary, litter mixing generally increased the decay rate and tended to cause a 336 synergistic effect compared to single litter. Moreover, when the mixing litter was 337 separated, low quality-litter species displayed a synergistic effect, yet there was no 338 change in high-quality litter species. A synergistic effect usually occurred at the early 339 and late decay stage and disappeared at the humus-near stage. The soil organisms, 340 especially soil fauna, were regarded as the important factors generating a synergistic 341 effect. We suggest that, the synergistic effect and antagonistic effect, whose interplay 342
give rise to the non-additive effect, occur simultaneously rather than independently. 343
Whereas, some of our results have not been confirmed so far at the scale of a 344 meta-analysis. Additional investigations are still needed to improve both the theory 345 and the model in the near future. 346 347
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